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0.05). Curl-driven and coastal upwelling records were not cor-
related over this time period (Fig. 5).

In addition, we compared the influence of coastal upwelling,
curl-driven upwelling, and sea-surface temperature (SST) on
sardine production using environmentally dependent surplus
production (EDSP) models during two periods for which envi-
ronmental and fisheries data are available: 1948–1962 and
1983–2004. SST has been shown to be reasonably effective in
explaining the dynamics of sardine biomass in EDSP models
(31), and we were interested in testing whether SST or a measure
of upwelling produced the best estimate of sardine production.
We found that use of curl-driven upwelling in the model
produced the best fit to observed production during both periods
(SI Fig. 8). The model using SST as the environmental variable
was more successful than that using coastal upwelling, and all
three environmental variables performed better than the null
model (which did not include environmental variability). The
sum of squared deviations for the model using curl-driven
upwelling was 0.30 MT2. Values for the models using SST and
coastal upwelling were 0.44 MT2 and 0.47 MT2, respectively. The
null model resulted in a sum of squared deviations equal to
0.51 MT2.

Although use of curl-driven upwelling in the EDSP models
produced the best estimates of sardine production during both
time periods, the months during which curl produced the best
estimate shifted between 1948–1962 and 1983–2004. In the more
recent period, use of curl-driven upwelling during May–July was
optimal for estimating production and suggests that conditions
during these months were most influential in determining sar-
dine production. Since 1983, extensive spawning has occurred off
of central and southern California in April (32). May–July
corresponds to the early life-history stages during which the
environment has the strongest influence on survival (27). Use of
curl-driven upwelling during October, November, and Decem-
ber produced the best model performance during the 1948–1962
period. This result is consistent with the observation that spawn-
ing in autumn offshore of Baja California is more important to
sardine production during periods of low population size (32).
The months of SST and coastal upwelling that produced the best
estimates of production also shifted from late summer and
autumn during the 1958–1962 period to spring and early summer
during the 1983–2004 period.

Consideration of Other Upwelling Systems. The CCE is the only
upwelling system with the environmental time series required to
investigate wind-forced upwelling and the response of water-
column properties and fisheries production at decadal and

multidecadal scales. Observations of historic, oceanic winds
depend on ship traffic, and the number of observations in the
CCE is high compared with other eastern boundary currents
(16). Atmospheric models offering high-resolution estimates of
wind stress over the past 60 years have not yet been developed
in other regions of the globe. In addition, the long-term hydro-
graphic datasets provided by the CalCOFI program are unique.

Wind-forced upwelling results in high primary and fisheries
production in eastern boundary currents around the world (8),
and the concepts presented here are applicable to each of these
regions. However, the effects of coastal and curl-driven up-
welling may vary with conditions specific to each area. For
instance, latitudinal differences may have a significant influence
on w and production of plankton and fish. The rate of curl-driven
upwelling in the Humboldt Current Ecosystem (HCE) off the
coast of Peru will be more than three times that in the CCE for
a given wind-stress curl because of the difference in the Coriolis
parameter with latitude. A wind-stress curl of 0.5!10!6 N m!3 at
35° N latitude in the CCE will result in w of 0.5 m day!1. The
same level of cyclonic wind-stress curl at 10° S latitude in the
HCE will create w of 1.7 m day!1. Much larger plankter sizes may
result from curl-driven upwelling in the HCE. Anchovy feed
most effectively on large plankters (22), and we would expect the
HCE to be dominated by anchovy and support a larger anchovy
population than the CCE under similar curl conditions. Consis-
tent with this hypothesis, anchovy is the dominant fish species in
Peru, whereas sardine is dominant in the CCE. Annual anchovy
landings in Peru peaked at "13 MT in the mid 1970s, whereas
maximal landings in California peaked at #0.4 MT in the early
1980s (1).

Our results demonstrate a mechanism, from physics to fish,
relating variability in production of Pacific sardine to environ-
mental changes over interannual and decadal scales. We show
that the level of production in a large, marine ecosystem depends
on wind-stress curl. Coupling predictions of atmospheric winds
with a simple hydrographic model will allow forecasting of
sardine production in the CCE. Such forecasts have increasing
ecological and economic value as globalization of commerce and
industrialization of fisheries continue in response to growing
demand and utilization of marine resources (33). Simulta-
neously, predictions of future climate conditions are becoming
more precise (34) and offer an opportunity to more effectively
manage fisheries if the biological responses to physical variability
are understood. Credible mechanistic hypotheses relating atmo-
spheric physics to variability in the ocean’s biota are essential to
prudently manage marine resources under a changing climate.

Materials and Methods
May 2006 and April 2007 Cruise Data. Zooplankton samples were collected
during research cruises in May 2006 and June 2007 as part of the CCE Long-
Term Ecological Research program. Cruises were structured to sample across
the CCE, ranging from areas of coastal upwelling to offshore, oligotrophic
areas. Zooplankton was sampled by using a BONGO net of 202-!m-Nitex
mesh, towed obliquely to 210 m (depth permitting) between 2100 and
0400 hours following the strict protocol of the CalCOFI program (35). Three-
eighths of the sample from one BONGO codend was wet-sieved through
nested screens of 5,000, 2,000, 1,000, 505, and 202 !m, and dry masses in each
size class were determined (36). A linear least-squares line was fit to approx-
imate the biomass-size spectrum for each sample according to the following
formula:

log
Bx

$x " m% log&x'( # b ,

where Bx is the sample biomass retained on a filter of mesh size x, $x is the size
interval for each fraction (taken here as 5,000, 3,000, 1,000, 495, and 303 !m),
and m and b are the slope and y-intercept of the linear, best-fit line.

Wind-stress data collected by the SeaWinds Scatterometer were used to
estimate w. For two sampling stations near the coast where scatterometer

Fig. 5. Upwelling and surplus production per unit biomass of Pacific sardine.
Curl-driven upwelling from May through July showed the highest correlation
with surplus production per unit biomass (r ) 0.62, P * 0.005, n ) 22). Coastal
upwelling during the same period was not significantly correlated with pro-
duction (r ) 0.40, P ) 0.067, n ) 22). Error bars are + one standard deviation
of the sardine production estimates.

1968 ! www.pnas.org"cgi"doi"10.1073"pnas.0711777105 Rykaczewski and Checkley

Fish of commercial interest have changed in 
abundance over the past several decades - 

some linked to environmental data

Rykaczewski and Checkley, 2008
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The PC1 time series displayed a significant positive
temporal trend, as did the PDO, sea surface tempera-
ture (SST), and temperature at 200 m. The linear
trend was removed from the time series before fur-
ther analysis, by using the residual time series (see
‘Materials and methods’). Oxygen concentration at
midwater depths, the MEI, NPGO, and upwelling
time series showed no significant temporal trend.

The PC1 time series was significantly correlated
with several large-scale indices of climate variability

and local environmental variables (Table 3). Before
detrending the time series, PC1 was significantly cor-
related with the mean annual oxygen concentration
at 200 to 400 m depth, the temperature at 200 m and
at the sea surface, and the PDO and MEI. After de -
trending, the correlations with temperature at 200 m
and the sea surface were no longer significant, indi-
cating that the initial correlations were based primar-
ily on the shared temporal trend. However, a signifi-
cant correlation of PC1 with the NPGO emerged
after detrending, indicating that the lack of a shared
trend had previously masked the correlation. The
correlation with midwater (200 to 400 m) oxygen con-
centration remained strongest (r = 0.75). The correla-
tions with midwater oxygen and the 3 large-scale cli-
mate indices (PDO, NPGO and MEI) all remained
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Fig. 2. Time series of 4 commonly occurring midwater taxa
with various biogeographic distributions that loaded highly
on principal component 1 (PC1): Cyclothone spp. (Gono sto -
ma tidae; cosmopolitan), Vinciguerria lucetia (Phosichthyi-
dae; tropical/subtropical, both hemispheres), Diogen ichthys
atlanticus (Myctophidae; cosmopolitan) and Ba thy la goides 

wesethi (Microstomatidae; coldwater)
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Fig. 3. Time series of principal component 1 (PC1) and mean
oxygen concentrations at 200 to 400 m depth in the CalCOFI 

survey area, 1951 to 2008

                                                                   O2 (200–400 m)       PDO          MEI        NPGO          SST      T (200 m)   Upwelling

PC1
Pearson correlation (without detrending)      0.75***            0.56***     0.47***       –0.23         0.45**       0.44**          –0.25
Detrended                                                        0.74***             0.45**       0.40**      –0.41**         0.17           0.22            –0.17
N* and significance                                            14**                35**           38*            30*              ns              ns                ns
Differenced correlation                                     0.35*              0.05 ns        0.21        –0.36*       0.04 ns        0.25           –0.36*

Table 3. Pearson correlations of principal component 1 (PC1) with mean annual oxygen concentration at 200 to 400 m depth, the
Pacific Decadal Oscillation (PDO), Multivariate ENSO Index (MEI), North Pacific Gyre Oscillation (NPGO), sea surface temper-
ature (SST), temperature anomalies (T) at 200 m depth, and mean upwelling at 33° N, 119° W. Correlations are shown before
and after detrending PC1, PDO, SST and T (200 m) with 2-tailed significance levels based on the nominal time series length (n =
46), the adjusted significance levels based on the estimated number of independent data points (N*) and the first-differenced 

correlations and significance. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001; ns: not significant

Koslow et al., 2011; 2013PC1= ichthyoplankton of mesopelagic fish (mainly)

Fish of commercial interest have changed in 
abundance over the past several decades - 

some linked to environmental data

Oxygen
Mesopelagic fish



Goal: forecast up to 6-9 months of 
California Current ocean conditions !

•  Climate Forecast System (CFS) for coarse scale 
(50km) predictions of ocean physics, 6-9 months 
in advance!

•  Regional Ocean Modeling System (ROMS) is 
available to downscale these resultssalmon, and 
coastal pelagic species!

Modeled Bottom Oxygen (ml/l) Sept, 2009 Average
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January 2016 forecast



JISAO’s Seasonal 
Coastal Ocean 

Prediction of the 
Ecosystem (J-SCOPE)
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Siedlecki et al, in revision

Check out our website: 
http://www.nanoos.org/products/j-scope/home.php



Building a Forecast 
System

Climate Forecast System (CFS) -  ocean 
boundary conditions and atmospheric 
forcing (Ocean: ~50km, Atm: ~200km 
resolution)

CFS + UW CMG regional ROMS-based 
model with biogeochemistry (~1.5 km 
resolution, 40 vertical levels, with rivers and 
tides)

Empirical relationships from observations 
applied to the modeled fields to take those 
forecasts to the ocean health indices :

• pH (Alin et al, in prep; Alin et al, 
2012)

• sardines (Kaplan et al, 2016)
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also required of the benefits of coupling the atmo-
sphere to the ocean and the sea ice; but, at first blush, 
this aspect appears to have worked very well in the 
CFSR. The SST–precipitation correlation has improved 
in the tropics. Some problems related to executing the 
project in many streams (as is common to speed up 
the process) still exist. All subcomponents with longer 
time scales (such as the deep soil, deep ocean, and the 
top of the atmosphere) have discontinuities where one 
stream ends and the next one begins; this in spite of a 
full 1-yr overlap between the streams.

Future developments include the following three 
projects:

1) CFSR was conducted mainly to create initial 
conditions for the coupled atmosphere–ocean–
land–sea ice reforecasts of the CFS version 2 
forecast model, over the period of 1982–present. 
This project is underway at NCEP. The design of 
these reforecasts is as follows: From every fifth 
day in the calendar, there will be four 9-month 
“seasonal” forecasts from 0000, 0600, 1200, and 
1800 UTC. From every day, there will also be 

shorter predictions—one run to the first season 
(~123 days) at 0000 UTC and three runs to 45 days 
from 0600, 1200, and 1800 UTC. The emphasis 
on the shorter subseasonal predictions, for the 
MJO and week 3–6 forecasts, is to bridge the 
weather–climate gap and is the main reason for a 
high-resolution reanalysis to be conducted. There 
is consensus that, given a forecast model at a lower 
resolution (say T126), the skill of the forecasts 
benefits from the highest possible resolution of 
the initial state.

2) Given the pace of model and data assimilation 
development, we expect a new global reanalysis 
to be conducted at NCEP once every 7 years or 
so. However, there is serious thought being given 
to immediately conduct CFSRL: a “light” (with a 
reduced horizontal resolution of T126) version of 
the reanalysis that was just completed. It would be 
done in a single stream to overcome the disconti-
nuities found in the CFSR for the deep ocean, deep 
soil, and top of the atmosphere. It is possible that 
the CFSRL will be finished in 1 year, in time for 
CPC to use it when they change their climate nor-
mals to the last 30-yr period from 1981 to 2010.

3) A final activity to be conducted when the refore-
cast project is complete is to apply the reanalysis 
system, as used here, to the historical period of 
1948–78. The CFSR is the successor of R2, and, 
when extended back to 1948, will also be the 
successor of R1. It is possible this will be done in 
one-stream “light” mode.
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FIG. 31. The (top) vertically averaged temperature (from 
the surface to 300-m depth) for CFSR for 1979–2008, 
and (bottom) differences between CFSR and observa-
tions from WOA05 (Locarnini et al. 2006). (Units: K)
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UW Cascadia Model setup 

http://faculty.washington.edu/pmacc/
cmg/cmg.html

and Giddings et al, 2014

What does the 2013 Forecast say about Ω?

http://faculty.washington.edu/pmacc/MoSSea/


Temp (C)

Satellite SST CFS ROMS Forecast

Downscaled model captures N-S and onshore 
offshore SST trends  
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Conclusions
 J-SCOPE forecasts (2009, 2013-2014) of subsurface 
ocean conditions have measurable skill on seasonal 
timescales, for variables relevant to management 
decisions for fisheries, protected species and 
ecosystem health. 

These forecast are possible through regional 
downscaling of CFS using ROMS

Forecasting efforts are aided by a relationship with 
local stakeholders and a real-time observational 
network

Challenges exist in terms of regional biases from the 
climate models (e.g. short-wave radiation, winds) that 
we are working to address within our domain
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Next Steps

Expansion of predicted variable to include 
DIC and Total Alkalinity - allows us to extend 
to OA indices

Expand forecasts to Multi-Model Ensemble?

Providing output for Pacific Fishery 
Management Council via Integrated 
Ecosystem Assessment (IEA)

Applications to additional stakeholders:
• hake
• shellfish
• crab
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What is needed to build a regional 
forecast system for CCIEA?

• Observational network with real time data access capabilities.

• A working hindcast simulation - regional models that can predict oxygen 
and/or pH variability over timescale(s) of interest on the shelf, in the past

• Predictable winds on the  timescale(s) of interest in the global model used 
to drive the regional model

• Predictable SST on timescale(s) of interest in the global model used to 
drive the regional model

• Stakeholder group(s) needs identified
• Metric of uncertainty 
• Continued testing and comparisons with observations on varying time 

and space scales…. because these are works in progress! 

Siedlecki et al, in revision



Challenges/Obstacles? 
• Predicting Clouds

• Interdisciplinary problem  - plagues all timescales
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in amplitude over the next several seasons, reaching
their peak around November–January, (NDJ) (0) (Figs.
8a–e). Accompanying the evolution of tropical SST,
large negative SST anomalies in the central and western
North Pacific and positive anomalies along the west coast
ofNorthAmerica are also observed. These anomalies are
strongest in the MAM (1) following the peak of ENSO.
Although ENSO-driven atmospheric circulation anoma-
lies peak in boreal winter (Alexander et al. 2002), sig-
nificant SST anomalies occur near the KOE during JJA
(0). Over the western North Pacific, southward displace-
ment of the storm tracks and jet streams tend to take
place in summers prior to El Niño, which strongly affect
surface flux anomalies. The induced surface flux
anomalies in conjunction with a shallower mixed layer
during the summer season give rise to rapid formation of
the SST response in the KOE region (Alexander et al.
2004; Park and Leovy 2004).
The corresponding evolution of SST anomalies during

ENSO from the ensemble mean of the CFS forecasts at
0-month and 6-month lead times are also shown in Fig. 8.
The model captures many features of the observed com-
posites, especially the overall structure and the time–lag
relationship between the equatorial eastern tropical SSTs
related to ENSO and the North Pacific SSTs. However,

the CFS displays a noticeable delay in the peak amplitude
of SSTs in both the tropics and midlatitudes especially for
long-lead-time forecast. For example, both the spatial
distribution and magnitude of 0-month lead SST forecast
in the North Pacific and tropical regions agree with
observations very well (Figs. 8f–j). However, for the
6-month lead, the forecast eastern tropical SSTA and
North Pacific SSTA reach their peak at MAM(1) and
MJJ(1) in the year following ENSO (Figs. 8k–o), con-
sistent with the lead-time dependence of the standard
deviation (Fig. 1). The prolongation of ENSO events in
the CFS hindcasts was also noted by Wang et al. (2005),
who showed that the simulated ENSO events in the CFS
runs have longer period than in observations.
Some other discrepancies between the model and ob-

servations are noticeable as well. In the North Pacific the
peak ENSO-associated SSTA (as inferred by the com-
posites) for long-time lead are of greater magnitude and
extent than in the observations. Compared with the ob-
servation, the maximum center of SST cooling extends
from the central Pacific toward theKOE region (;408N),
while the maximum center of cooling in observations is
located east of 1808. The discrepancies in the North Pa-
cific SST response are associated with the prolonged
ENSO peak phase into late spring in the CFS prediction.

FIG. 5. Time series of (a) the PDO index and (b) the Niño-3.4 SST anomaly during 1981–2006. Black line denotes
observation, and blue, green, and red lines denote CFS predictions at 0-, 3-, and 6-month lead, respectively.
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Wen et al, 2012

Predictability on the 6-9 months timescale comes 
from El Nino

CFS forecast of Nino3.4 SST index does a pretty good job - 
better with less lead time

Better during strong El Nino than neutral conditions

6 month lead 3 month lead 0 month lead observations



New Mini Model Climatology—2009-2014

Siedlecki et al, in revision



New Mini Model Climatology—2009-2014
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Biological Response

processes in water masses below the photic zone and nutrient
overloads [45]. The seasonal upwelling along with bathymetric
characteristics, such as wider shelves of the northern and cen-
tral CCE, result in steep Var gradients across short depth
intervals, though the gradients are much less pronounced
over the narrow shelves in the southern CCE (figure 1c).
Along the West Coast, lowVar occurs in the late spring through
to early autumn months, primarily from the seasonal upwel-
ling of high CO2 water from depths of about 80–200 m. By
August, we observed, on average, 30% of the upper 100 m of
the water column to be undersaturated, with a greater percen-
tage of undersaturation occurring onshore relative to offshore
stations (48% versus 13%, respectively; see Material and
methods; figure 1a,c and table 1). The upwelled undersaturated
waters reach their shallowest depths close to the coast [11,14]
and undersaturated waters can exceed 50% of the upper
100 m of the water column (figure 1c). This general spatial pat-
tern was evident throughout most of the CCE, except for
onshore stations south of approximately 348 N that were gener-
ally supersaturated in the top 100 m and differed little from
offshore stations (figure 1c; electronic supplementary material,
figure S1). Electronic supplementary material, figure S1, shows
the station-by-station profiles of Var with depth. In the northern
and central onshore CCE stations (stations 6, 13, 14, 15, 28, 29,
57, 65, 87 and 95), the aragonite saturation horizon is located
within the upper 20–50 m, while in the offshore stations
(stations 21, 31 37, 57, 61 and 69), this occurs at about 80 m or
deeper. Southern CCE offshore stations are similar to the north-
ern and central offshore CCE stations in that the depth of
undersaturation generally occurs below 80 m (stations 73 and
75), while in the southern onshore CCE stations, supersaturated
conditions persist throughout the shallow water column (elec-
tronic supplementary material, figure S1), consistent with the
Alin et al. [17] time-series results.

At the investigated stations, depth-integrated pteropod
abundance and dissolution were determined. Pteropod
populations show a considerable degree of regional variability
in abundance, with depth-integrated abundances increasing
from the southern part of the northern stations (see

classifications of regions in Material and methods) to central
onshore stations, where they can reach up to 14 000 ind m22

(electronic supplementary material, table S1). Although the
sampled stations were biased towards onshore stations,
L. helicina was often present in high numbers in the offshore
stations, as previously reported by Mackas & Galbraith [29].

In situ shell dissolution of L. helicina was the predominant
feature observed in the live samples collected with a 333 mm
mesh Bongo net at the peak of summer upwelling in August
2011. Shell dissolution was examined and demonstrated on
preserved specimens using SEM after initial steps of dehy-
dration and chemical drying. We observed shell dissolution
at 14 out of 17 sites, i.e. 82% of all the investigated stations
sampled along the CCE. The signatures of dissolution
ranged from increased porosity and upper crystalline layer
erosion (Type I) to severe types of dissolution affecting
lower crystalline layers (Type II and Type III; see Material
and methods). The latter dissolution types were considered
severe as shell integrity was compromised and a fragile
shell is more prone to damage (figure 2a).

Shell dissolution of L. helicina closely corresponded to car-
bonate chemistry conditions. We observed a strong positive
relationship between the proportion of pteropods with
severe dissolution and the percentage of undersaturated habi-
tat in the top 100 m of the water column (log likelihood ratio
test: L ¼ 23.1, d.f. ¼ 1, p , 0.001; figure 3). The fitted model
(original response scale) took the form

y ¼ e3:67(+0:82)x" 1:66+0:40

1þ e3:67(+0:82)x" 1:66+0:40 , (3:1)

where y is the proportion of individuals with severe shell dis-
solution, and x is the percentage of undersaturated waters in
the top 100 m.

At stations where none of the top 100 m of the water
column was undersaturated, almost no evidence of severe

Table 1. Mean percentage of the water column that was undersaturated
with respect to aragonite and mean proportion of individuals with severe
shell dissolution across all stations sampled during the 2011 West Coast
survey under present-day conditions (2011) and assuming reductions ( pre-
industrial) and increases (2050) to in situ measurements of DIC. (The
relationship estimated in figure 3 was used to estimate the probability of
observing severe shell damage under in situ DIC concentrations measured in
August 2011. Proportions were converted to percentages for clarity.)

pre-industrial 2011 2050

percentage of undersaturated water (100 m)

all stations 4 29 53

bottom depth

, 200 m

8 48 72

bottom depth

. 200 m

0 13 38

mean proportion of ind. with severe shell dissolution

all stations 18 38 57

bottom depth

, 200 m

21 53 71

bottom depth

. 200 m

16 24 45
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Figure 3. Proportion of pteropods with severe shell dissolution as a function
of the percentage of the water column in the upper 100 m that is under-
saturated with respect to aragonite. Station locations from figure 1c are
shown with each symbol. The fitted regression line (solid line) and 95%
prediction confidence band (dashed lines) are overlaid.
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Model predicts Volume of Undersaturated water
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Model Hindcast compared to mooring from WA 
shelf in 32 m of water showcasing seasonal decline

Siedlecki et al, 2015
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